Body color variations are used by many animal species to communicate their sexual state and are believed to have evolved through sexual selection. In damselfly species (Odonata, Zygoptera), females sometimes come in different color morphs: gynomorphs and male-like andromorphs, pursuing different reproductive strategies. These distinct female color morphs are usually mature females and their color remains stable throughout the female's life. Here, we show for the first time that blue andromorph females of the Australian damselfly Ischnura heterosticta, are still sexually immature, and change their body color to greengrey gynomorph when they are ready to mate. The color change occurs within 24 h and is irreversible. Males of I. heterosticta rarely recognize blue andromorphs as potential mates, but mistake them for other males. The andromorphs thus avoid male sexual harassment, giving them the advantage of additional time to forage and sexually mature. The color change to gynomorph signals the readiness to mate, and the former andromorphs have equal mating success after the color change as other gynomorph females. Our results demonstrate that andromorph I. heterosticta use a complete and unique body color change from male-mimic to gynomorphic to signal sexual maturity and regulate reproduction. Our discovery gives rise to a novel hypothesis regarding maintenance of female-limited polymorphism in Ischnura damselflies via this color change mechanism.
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IntRoduCtIon
T he existence of different color morphs among individuals of a population is a common phenomenon in many animal taxa, including vertebrates and invertebrates in both terrestrial and aquatic environments (Askew 1988; Endler 1992; Andersson 1994; Cordero and Andrés 1996; Bond and Kamil 2002) . It can occur at different developmental stages and both inter-and intrasexually. Color is a crucial signal in animal communication: it plays a role in defense of territories, predator avoidance by presenting aposematic colors, but also in mate recognition and discrimination, and attraction of potential mates (Goodall 1986; Endler 1991 Endler , 1992 Andersson 1994; Bond and Kamil 2002; Ruxton et al. 2004) . Body color can change within individuals as a signal of sexual maturity, and to alert potential partners to their readiness to mate (Barrows 1979; Goodall 1986; Hinnekint 1987; Cordero 1990; Endler 1992) . During courtship, body coloration serves as reliable indicator for the health condition or sperm quality of the signaler (Andersson 1994; Hill 1995) .
Having conspicuous colors involves a trade-off between the benefit of successfully completing mating and reproduction, and the costs of being easily detected by rivals and predators (Endler 1991 (Endler , 1992 Gross 1996) . Within a species, conspicuous body coloration including color variation as sexual signal can be restricted to one gender only, playing a key role in sexual selection and mate choice by the opposite sex (Gross 1996) . When color polymorphism is limited to males, it mostly plays a role in male-male competition for access to females (Tsubaki et al. 1997; Plaistow and Tsubaki 2000) . Female-limited polymorphism is important for regulating male sexual harassment, which can occupy considerable female time thus impacting negatively on their energy budgets and leading to loss of female fecundity (Gosden and Svensson 2007; Svensson et al. 2009; Bots et al. 2009 ).
Damselflies of family Coenagrionidae are well known to have female-limited polymorphism, which is particularly widespread in the genus Ischnura (Fincke et al. 2005; Van Gossum et al. 2008) . Mature Ischnura females have two or more morphs, with andromorph females displaying a male-like coloration, and gynomorph females expressing colorations distinctively different from males. Ontogenetic color change is common in Ischnuran damselflies, and serves as indicator of sexual status (Corbet 1999; Takahashi and Watanabe 2011) . Individual color undergoes several variations before reaching the final morph and mature stage within a week from emergence (Cordero 1990) , and the final coloration remains stable once they reach maturity.
Different female color morphs in Ischnuran damselflies are thought to pursue different reproductive strategies, and several major hypotheses have been proposed to explain the maintenance of female-limited polymorphism in Ischnura damselflies, with discussion restricted to mature females (Johnson 1975; Robertson 1985; Hinnekint 1987; Cordero 1992; Miller and Fincke 1999; Van Gossum et al. 1999; Sherratt 2001) . Male-mimicking andromorphs play a key role in sexual conflict during reproductive activities, which involve male mate searching behaviour in particular (mimicry hypothesis, Robertson 1985; Sherratt 2001 ; learned-mate recognition hypothesis, Miller and Fincke 1999) . The existence of andromorphs truly depends on the ability of male mate recognition under different circumstances, such as variations of population densities and female morph frequencies, which determine the survival of andromorphs and the reproductive strategies they employ (Johnson 1975; Robertson 1985; Hinnekint 1987; Cordero 1992; Fincke 1994; Miller and Fincke 1999; Van Gossum et al. 1999; Takahashi and Watanabe 2009) . In a way, andromorphs could be considered the determining factor in the different hypotheses: they define the particular mechanism that maintains co-existence and balance between the female morphs in different Ischnuran species.
In Australia, the common blue-tail damselfly, Ischnura heterosticta is widespread around still water habitats such as lakes, ponds, and lagoons inhabiting the vegetation surrounding the water (Theischinger and Hawking 2006). Male I. heterosticta have a bright blue thorax and abdominal tip, whereas females come in 4 distinct color morphs similar to many other Ischnuran damselflies. Andromorph I. heterosticta females are also bright blue, identical in color and pattern to males. Gynomorph females can come in a green, intermediate, and a grey morph (Huang et al. 2012) . O'Farrell (1964) documented for the first time that mature I. heterosticta could change colors as a protective thermoregulation mechanism. This study reported that blue I. heterosticta morphs (both males and andromorphs) could partially change their body color depending on ambient temperature. When the temperature was below 12°C, andromorphs partially turned into a dull green-grey color, but when temperature was above 15°C, they maintained the bright blue thorax. We repeated this study using 7 males and 10 andromorph females, and equally found temperature variation to induce partial color change (Huang and Reinhard, unpublished data) . Importantly, this color change was reversible with rising temperature.
However, when rearing I. heterosticta in cages under controlled laboratory conditions, we discovered another type of color change in andromorphs from bright blue to the same green-grey that gynomorph females display (Figure 1 ). In contrast to the temperature-induced partial color variation mentioned earlier, this new type of color change was complete, irreversible, and independent of temperature. This raises the question of the function this drastic color change may have with respect to intersexual interactions and reproduction, and whether it plays a role in maintenance of female-limited polymorphism in I. heterosticta in both immature and mature stages. Therefore, we investigated this color change phenomenon in detail with respect to its biological function for mate choice, sexual signaling, and reproduction.
MAtERIALS And MEtHodS
Ischnura heterosticta occur year-round near lagoons, streams, and ponds in subtropical Queensland, Australia, where the experiments were conducted. Main season of activity, in particular for mating and reproduction is spring and summer (Huang et al. 2012) . Mating in I. heterosticta usually occurs in the morning (5:00-9:00 AM), followed by foraging (9:00 AM-13:00 PM), and oviposition on floating vegetation in the afternoon (13:00-16:00 PM) (Huang et al. 2012 ). Field observations were conducted at Biambi Yumba Park, Brisbane, Australia, from October 2010 to January 2011. A total of 767 damselflies (383 males and 384 females) were marked individually on their wings with permanent marker for field observations. Laboratory experiments were conducted at the Queensland Brain Institute, Brisbane, Australia. Individuals were collected from the field and kept under controlled conditions in cages in the laboratory. The cages were made out of a corflute frame (45 × 45 × 45 cm) with 30 × 30 cm windows on the sides and the top covered with white fine-mesh insect net for observation and ventilation. Pieces of aluminum foil covered the inside of the frame as well as the bottom to reduce escape behavior by enhancing light reflectance. A tray out of foil with a layer of soil 2-cm deep was placed inside the cage, and water was sprayed 3 to 4 times a day to maintain sufficient moisture. Plastic plants were embedded into the soil to provide perching sites for damselflies. Damselflies were given ad libitum Drosophila flies as food. The diurnal temperature fluctuated between 21 and 32°C in the field and maintained between 27 and 28°C under laboratory conditions.
observation of color change in andromorph I. heterosticta
The color change was first recorded for 14 individually marked blue andromorph females under natural conditions in the field. The exact timing and process of the color change was investigated in the laboratory: 27 blue andromorphs were placed individually in a cage (45 × 45 × 45 cm) straight after emergence, and observed up to 7 days. Pictures of the individuals were taken every 3-6 h once andromorphs (blue) initiated the color change, until they had turned completely into gynomorphs (green/grey) within 24 h. Andromorph females that had changed color were called "gyno-andromorphs" to distinguish them from gynomorphs. After the color change was completed, the individuals were observed continuously for any further color variation for the following 3-4 days.
Female morph frequencies from overall population and from mating pairs
Female morph frequencies from 1354 mating pairs in the field and from the overall female population were determined daily for 22 days from 5:00 to 9:00 AM from December 2010 to January 2011. Under field conditions, gynomorphs and gyno-andromorphs cannot be distinguished, and both morphs may have contributed to the overall frequencies recorded for gynomorphs. Morph frequencies were compared using G-test to investigate male mate preferences under natural conditions. 
Male binary mate choice
Male binary mate choice experiments (n = 37) were conducted under laboratory conditions in cages (45 × 45 × 45 cm). One male had to choose between an andromorph and a gynomorph female, with the experiment continuing after andromorphs turned to gyno-andromorphs. Number of matings with the different female morphs before and after the andromorph color change were recorded, and the results analyzed using χ 2 -test. A total of 37 mate choice experiments were conducted, and each lasted from 2 to 5 days.
Benefits and costs for blue andromorphs
We combined field studies with laboratory experiments to investigate the potential benefits and costs for reproduction that being a blue andromorph entails, and to explore how the color change to gyno-andromorph would affect this balance.
(i) Sexual status: To examine the status of sexual development of female I. heterosticta morphs, we determined the stored sperm volumes and egg numbers of each morph via dissections of their genital organs. Bursa copulatrix and spermatheca of different female morphs were dissected for sperm volume (Cordero and Miller 1992) , and egg number estimations. Fifteen andromorphs, 17 gyno-andromorphs, and 41 gynomorphs were analyzed. Because of the lack of significant difference in sperm volumes and egg counts between the 3 types of gynomorphs, data for green, intermediate and grey gynomorphs were pooled. Means and standard deviation were calculated for statistical comparison using ANOVA with Least significant difference (LSD) cluster.
(ii) Rivalry aggression: Occasionally, males of I. heterosticta are seen on the water surface defending floating vegetation as a temporary territory (Huang et al. 2012 ). These male occupiers pursue and chase any intruder to their territory, including females using the floating vegetation for ovipositing or resting (Huang et al. 2012 ). This type of aggressive behavior is called rivalry aggression. We observed individuals from both genders and all morphs (31 males, 22 andromorphs, 13 gyno-andromorphs, and 52 gynomorphs) in the field, while they were perching on floating vegetation, and recorded the number of aggressive harassments/min received from males. Observations were conducted for ten minutes or until the individuals perching on the vegetation flew away. Data were analyzed using ANOVA with LSD cluster.
RESuLtS
Andromorph color change
All observed andromorph individuals, both in the field and the laboratory showed a complete color change from blue to green/grey. The color change began 4-7 days after emergence, and was completed within 24 h (Figure 1a and 1b) . A reversal of the color change back to blue was never observed in any of 41 individuals. Andromorphs could change either directly into any of the grey, green or intermediate gynomorph forms, or change first into one gynomorph form and later into the other forms (Figure 1c and 1d) , gradually turning into a duller color, possibly signaling the current energy status or the thoracic temperature variation (Veron 1974). We have aptly named the former andromorph females "gyno-andromorphs" after the color change, distinct from the other gynomorph females.
Female morph frequencies
Observation of matings in the field (n = 1354) showed that males displayed no frequency-dependent mate preference regarding female morphs (Figure 2a and 2b) . That is, they preferred to mate only with gynomorphs, and ignored the presence of andromorphs altogether, although the andromorphs comprised ca. 7% of the entire female population (statistical comparison between Figure 2a and 2b during the same time period: G = 2.253 (df = 3), P < 0.01 for 5-6 AM; G = 3.122 (df = 3), P < 0.01 for 6-7 AM; G = 6.613 (df = 3), P < 0.01 for 7-8 AM, and G = 8.949 (df = 3), P < 0.05 for 8-9 AM). Only 1 of 1354 matings was with an andromorph female, suggesting that males did not recognize andromorphs as mating partners.
Male binary mate choice
Controlled binary mate-choice experiments in the laboratory (n = 37) testing for male mate preference confirmed the results from field experiments. When males had the choice between an andromorph and a gynomorph female in a cage, they never chose the andromorphs as mate while they were blue (mating ratio andromorph:gynomorph = 0:37, χ 2 = 37 (df = 1), P < 0.001) (Figure 2c ). However, straight after the andromorphs changed color and became gyno-andromorphs, males started to mate with them almost as frequently as with the gynomorphs (mating ratio gyno-andromorph:gynomorph = 15 : 22, χ 2 = 1.324 (df = 1), P = 0.249) (Figure 2c ).
Benefits and costs for blue andromorphs
(i) Sexual status: Of 15 dissected andromorphs, none had sperm stored in either the bursa copulatrix or the spermatheca, in contrast to gynomorphs (n = 41) (Figure 3a ) (ANOVA with LSD cluster, bursa copulatrix: F 2,70 = 24.23, P < 0.001; spermatheca: F 2,70 = 22.832, P < 0.001). After andromorphs turned into gyno-andromorphs, they began to receive sperm from males, and the sperm volume they stored was statistically not different from the sperm volume found in gynomorphs (see LSD cluster result in Figure 3a) . The lack of sperm in andromorphs is not necessarily a sign of being sexually immature, as it can be due to males mating less with andromorphs. However, when examining egg numbers, we found that andromorphs had significantly less eggs in their ovaries compared to gyno-andromorphs and gynomorphs (Figure 3b ) (ANOVA with LSD cluster, F 2,70 = 25.069, P < 0.001). Nine of 15 andromorphs dissected had no eggs at all. A lack of eggs or low egg production is a characteristic of sexual immaturity in many animals including insects (Jay 1970; Fincke 1987; Cruz-Landim 2000) . This suggests that blue andromorph females of I. heterosticta are sexually immature, and that the color change to gyno-andromorph signals sexual maturity and readiness to mate.
(ii) Rivalry aggression: The experiment revealed that blue individuals, both andromorph females and males, were subject to significantly more aggressive harassment by other males than gyno-andromorphs and gynomorphs (Figure 3c ) (ANOVA with LSD cluster, F 3,114 = 26.0085, P < 0.001).
dISCuSSIon
Our study describes a complete, irreversible color change in female andromorphs of I. heterosticta from male-mimicry to gynomorphy, and provides evidence for the role this color change may have as sexual signal to ensure successful reproduction. To our knowledge, this is the first demonstration of an ontogenetic color change in andromorphs from male-like blue to a distinct gynomorphic green/grey as a signal of sexual maturity. Our finding gives rise to a possible new explanation for the mechanism that maintains female-limited polymorphism in I. heterosticta.
Role of andromorph coloration
Thoracic color is an important visual cue for mate recognition in damselflies (Gorb 1998) . Ontogenetic color change on thoraces is a common phenomenon in Ischnuran damselflies (Fincke et al. 2005 ) during the transition between immature and mature stages including both andromorphs and showing the total number of matings from 37 laboratory experiments, where one male was given a choice between an andromorph and a gynomorph female, before and after the andromorph changed color (***P < 0.001, n.s. not significant, G-test).
Figure 3
Sperm volume, egg number and male rivalry harassments in female Ischnura heterosticta. (a) Volume of stored sperm in bursa copulatrix and spermatheca of different female morphs, and (b) egg number as an indicator of sexual maturity of different female morphs. Shown are means and SD, n = 15 for blue andromorph, n = 17 for gyno-andromorph, and n = 41 for gynomorphs (***P < 0.001, ANOVA with LSD cluster; different letters inside bars signify statistical difference at P < 0.001). (c) Number of rivalry harassments per minute that males and different female morphs received from other males while perching on floating vegetation on the water surface. Gyno-andromorph represents the andromorph females after color change. Shown are means and SD, n = 31 for male, n = 22 for andromorph, n = 13 for gyno-andromorph, and n = 52 for gynomorphs (***P < 0.001, ANOVA with LSD cluster; different letters inside bars signify statistical difference at P < 0.001).
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gynomorphs (Cordero 1990; Takahashi and Watanabe 2011) . Andromorphs can go through a series of color variations to display immature and mature status, always maintaining a male-like appearance, that is, staying andromorphs (Cordero 1990) . In other Ischnurans, andromorphs maintain the same color form in both stages (Takahashi and Watanabe 2011) . Furthermore, a stable male-like color has been shown to be a well-established sign for mature andromorphs (Hinnekint 1987; Cordero 1990 ).
The functional role of andromorph coloration is crucial for the different hypotheses regarding maintenance of female-limited polymorphism: andromorph coloration in mature females is thought to function as signal to avoid mating by applying frequency-and density-dependent strategies or a male-mimicry strategy to reduce the chances of being spotted and sexually harassed by males (Robertson 1985; Svensson and Abbott 2005; Gosden and Svensson 2007) . Our study, however, presents the first evidence that the male-like appearance of andromorph females of I. heterosticta is a signal for sexually immaturity, demonstrated by the fact that they have fewer eggs and no sperm stored. The complete color change to gyno-andromorph in I. heterosticta functions as signal that the andromorphs are ready to mate. This unique color change phenomenon as part of reaching maturity means that female-limited polymorphism only exists in immature stages in I. heterosticta, not in the mature stages. In this species, it may therefore not be the andromorph coloration per se, but the actual color change that is the mechanism for maintenance of female-limited polymorphism during immaturity.
Female morph frequencies
Male I. heterosticta showed no female morph frequencydependence with respect to mating preference. Males preferred to mate with gynomorphs, and only 1 of 1354 mating attempts was with an andromorph female, although andromorph females of I. heterosticta comprise ca. 7% of the population. This suggests that males rarely recognize blue andromorphs as mating partners, or that blue andromorphs are not the preferred mating partners in the field. It is possible that males could potentially learn to recognize and accept andromorphs as mates, if the encounter rates were high, for example when andromorphs are present in sufficiently high frequency (Takahashi et al. 2010) . However, the results of our binary mate choice experiment do not support this possibility in I. heterosticta, although the ratio of andromorph to gynomorph was 1:1 in this experiment, males preferred to mate with gynomorphs.
Andromorph females only mated successfully after turning into gyno-andromorphs, suggesting that the color change to gyno-andromorph functions as mate recognition signal ensuring mating and reproduction. The andromorph color change makes I. heterosticta a unique system regarding encounter rates of different female morphs by males in the field. Gyno-andromorphs are undistinguishable from gynomorphs by their color spectral reflection after the color change (Huang et al. unpublished data) , and all andromorphs eventually turn into gynomorph. Hence, andromorph frequencies can never reach a high level, and gynomorphs will always be the dominant morph in I. heterosticta. This needs to be taken into account when trying to find an explanation for maintenance of female-limited polymorphism in this species.
Benefits and costs
Andromorphic coloration in I. heterosticta may have evolved to prevent unnecessary long-term mating and sexual harassment during sexual immaturity by mimicking male appearance. Considering Ischnura damselflies have an extremely long mating duration of up to several hours (Robertson 1985; Cordero 1989; Sawada 1995; Huang et al. 2012) , repeated matings and sexual harassment by males clearly reduces the time females can invest in increasing their energy reserves or in sexual maturation (Corbet 1999; Sirot and Brockmann 2001) . Adults of I. heterosticta only survive for 2-3 weeks after emergence, hence 3-4 hours of mating per day occupies a large proportion of their time, particularly when females receive repeated matings in a lifetime (Huang et al. 2012 ). Moreover, it was shown that the sperm volume females acquire from a single mating is enough to fertilize all the eggs they produce during their life span, likely making multiple matings unnecessary (Cordero 1990 ). We thus hypothesize that andromorphs of I. heterosticta have a significant advantage by avoiding mating with males during a stage when they need time to sexually mature and to build energy reserves.
The conspicuous andromorph coloration may come with costs, for example increased predation pressure could be a possibility (Johnson 1975; Robertson 1985) . We found andromorph females of I. heterosticta also bear the cost of rivalry aggression by males when perching on floating vegetation. Blue morphs, both males and andromorphs, received higher numbers of aggressive attacks than gynomorphs or gyno-andromorphs, suggesting that males not only rarely recognize blue andromorphs as mates, but they even mistake them for other males and hence potential competitors because of their identical coloration. This rivalry aggression, which impedes successful oviposition or at least prolongs the oviposition process forcing females to frequently change location, is the price andromorphs pay for the advantage of avoiding sexual harassment. Hence, the coloration change is a crucial mechanism not only to signal readiness to mate, but also to avoid rivalry harassment during oviposition on floating vegetation.
Maintenance of female-limited polymorphism
Our study suggests that males rarely recognize blue andromorphs as mates, even mistake them for male rivals, and that the change in body color is essential for gyno-andromorphs to mate and oviposit successfully. This raises the question whether the color change in itself may be the ultimate mechanism for maintenance of female-limited polymorphism in I. heterosticta during the immature stages. If andromorphs would not change color when turning mature, the benefit of avoiding unnecessary sexual harassment during immaturity would become a serious disadvantage because males have difficulties to recognize andromorphs as mates, and andromorphs would therefore not mate and reproduce. Even if andromorphs would manage to mate, the change in body color is crucial for successful oviposition. Eggs are being laid on floating vegetation, which male I. heterosticta consider temporary territories and defend aggressively. If andromorphs would remain blue, they would have difficulties completing oviposition, as they are mistaken for male intruders and chased away by defending males. A change to the inconspicuous gynomorph coloration ensures that the gyno-andromorphs have sufficient time to successfully deposit their fertilized eggs after mating.
It is feasible to hypothesize that, if andromorphs of I. heterosticta would not change color they would fail to reproduce, and female-limited polymorphism in I. heterosticta would eventually disappear. We therefore propose that the phenomenon of female color change reported here not only plays a role in signaling sexual status and reproduction but it is also the driving force for keeping andromorphs existing in the population, and for maintaining female-limited polymorphism during immature stages in this species. Another possible scenario is that a change in selection pressures could potentially cause the andromorphs to become favored, especially if they make up a larger proportion of the population, resulting in the loss of the color change and fixation of the andromorph form. In this case, males would consequently be selected to develop learned mate recognition (LMR), resulting in a system similar to that seen in many other damselfly species. Although we cannot completely rule out this scenario, the current evidence strongly supports our hypothesis that the color change is essential for maintenance of female-limited polymorphism in I. heterosticta. Of course, extensive further research is required to support this novel hypothesis, such as determining the actual reproductive success of the different female morphs, investigating whether I. heterosticta is physiologically capable of detecting relevant body color signals, and how they potentially use color vision for mate choice and sexual selection. Continued work on this interesting species should also provide valuable new insights into the evolution of female polymorphism within Ischnura.
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